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+ Why large x (and low-Q2)

+ Target Mass Corrections in collinear factorization
=8 Fo, F1, g1 DIS structure functions

=i SIDIS - preliminary
+ Jet mass corrections

+ Global PDF fits at large x
=i TMC, Higher Twist, Nuclear Corrections
=i unpolarized PDFs

+ What can break the Wandzura-Wilczek relation?
=i g5 and twist-3 quark-gluon correlations

+ Summary and outlook
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Why large-x, low-Q2?



# Large uncertainties in quark and gluon PDF at x > O 5 — e. g CTEQG6
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Why large x, and low Q2 ?

+ Large uncertainties in quark and gluon PDF at x > 0.5

# Precise PDF at large x are needed, e.g.,
Kinematic Plane (x,Q°)

i [ X, , = (M4 TeV) exp(zy)
1) DGLAP evolution feeds large X, 10'p Q=M M-10TeV

low Q2 into lower x, large Q2 5 / :

2) New physics as excess in
large-p, spectra < large x PDF

target

-
= Example: Z' production <
[=/
mrT
Mz 2 200 GeV = —¢Y
iy 3 ¢ \/g g ns
x > 0.02 (LHC), 0.1 (Tevatron) : mj
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Why large x, and low Q2 ?

# Large uncertainties in quark and gluon PDF at x > 0.5

# Precise PDF at large x are needed, e.g.,

= at LHC, Tevatron

1) New physics as excess in large p, spectra < large x PDF

2) DGLAP evolution feeds large x, low Q2 into lower x, large Q<

= d/uratio at x=1 < non-perturbative structure of the nucleon

Fy 1+4d/u

i F} 4+ d/u
| Nla.ive SL{8) Cuark Model

X, diu=1/2 "-:___‘H

F 9

i 14
fiigig

] pQCD——p
diu=1/5

m SLAC Data (Fermi corr.)

SLAC data (PLC 1-glucn exchange
suppression correction) diu=10

+ 3SLAC Data (offshell corr.) [/'—0.2

1

—0.9

—0.8

0.7

—0.6

—0.5

- 0.4

xBj

accardi@jlab.org ECT*, 26 May 2009

1 1 1 1 1 T T T T
0 01 02 ©03 04 05 06 OF 08 08 1

F2 n"f ng



Why large x, and low Q2 ?

# Large uncertainties in quark and gluon PDF at x > 0.5

# Precise PDF at large x are needed, e.g.,

= at LHC, Tevatron
1) New physics as excess in large p, spectra < large x PDF

2) DGLAP evolution feeds large x, low Q2 into lower x, large Q2
= d/uratio at x=1 < non-perturbative structure of the nucleon

=+ spin structure of the nucleon - most spin at large-x, but also, e.g.,
o(pp — m°X) < Ag(x1)Ag(22)597% @ DT (2)

&b
\ )f LSRRy
— Pg?@gg\p st e
@/' \. CUQN—Te_y
I\
D
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Why large x, and low Q2 ?

# Large uncertainties in quark and gluon PDF at x > 0.5

# Precise PDF at large x are needed, e.g.,

= at LHC, Tevatron
1) New physics as excess in large p, spectra < large x PDF

2) DGLAP evolution feeds large x, low Q2 into lower x, large Q2
= d/uratio at x=1 < non-perturbative structure of the nucleon

=i spin structure of the nucleon - most spin at large-x, but also, e.g.,

o(pp — 1°X) Aq(xlmg(xzww ® DT (2)

x1 coverage in PHX detectors |

—v

0ot/ s =500 GeV PH ENIX
‘\ 350%— pT22-5 GeV 1 A 0.3
E ]_ ~N~ .
. L1 3001 —~
= (o) — @m — o, 1000
/ b 71~ 0.01 7] <0.35
@ 1005— 77:10—30
N soF n=3.1-3.9
3 L Y- R—

-0.5 )
log10(x1)
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Why large x,, and low Q2 ?

# Large uncertainties in quark and gluon PDF at x > 0.5

# Precise PDF at large x are needed, e.g.,

= at LHC, Tevatron
1) New physics as excess in large p, spectra < large x PDF

2) DGLAP evolution feeds large x, low Q2 into lower x, large Q2
= d/uratio at x=1 < non-perturbative structure of the nucleon

=# spin structure of the nucleon

<+ JLab has precision DIS data at large x; , BUT low Q<
= need of theoretical control over

1) higher twist o< A2/ Q2 )
2) t t ti TMCQC) o< x2 m,2/ Q2 ;
) .arge mass corr.ec ions ( ) o< Xz my#/Q ; Hi ek
3) jet mass corrections (JMC) o< ij/ Q2
4) nuclear corrections Y

5) large-x resummation, quark hadron duality, ...
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Target mass corrections

Accardi, Qiu, JHEP '08
Accardi, Melnitchouk, PLB '08



OPE and Target Mass Corrections

[Georgi, Politzer 1976; see review of Schienbein et al. 2007]

[ dtzemi= Tl ) = 55112 AN O OIN)

symmetrlc traceless

1

1
Aoy = / dyy**F(y) F(y) ~ » egq(y) (at LO) = “quark function”
0
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OPE and Target Mass Corrections

[Georgi, Politzer 1976; see review of Schienbein et al. 2007]

[ dtzemin= Tl ) = 55112 AN O OIN)

symmetrlc traceless

1
Agp = / dyy**F(y) F(y) ~vy° egq(y) (at LO) = “quark function”
0
q

«# Mellin transform, sum, transform back:

2 m2 333 1
PSP (o, @) = ZF(E)+ 67X 2 [ ag'P(e) +12—— / e’ / de"F (")
pB Q IOB & /
3
£ = s Nachtmann variable

1+ /1 + 425m3,/ Q2

¥ Threshold problem: x; < 1 implies 0< &< &, € E(xz=1)
=i Inverse Mellin transform does not give back F(y) !! [Johnson, Tung 1979]

# Unphysical region: F(y) ~ Fs(y) has support over 0<y<1
< F,GP(x;) > 0 also for x;>1 !!
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Collinear factorization - outline

& Target Mass Corrections — O(xg2 my2/Q2)

=< momentum space, no need of Mellin transf.

=i kinematics of handbag diagram
= no “unphysical region” at xg> 1 (!!)
<& any order in o at leading twist

¥ Jet Mass Corrections — O(m;2/Q2)

< The current jet is not a massless parton...

S e F-\ cF +JmMc

S mN:939 MeV

my=0

0 05 1

0 0.5
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Kinematics with m, =0

2 v
1% 1 o oL s “p
W (p, q) = = o [ d'ze7 " (pli™(2)57 (0)|p)
p
«# Lorentz invariants:
_ g2 _q2
T S e o
\p g / *q
hadron level parton level
(observable) (theoretical)
«# Light-cone fractional momenta, P o (po £ p3)/ V2
_|— °
parton: o ]IZ—JF (theoretical)
_|_
photon: RATEL 205 (observable)

R L TR T )

¥ Bjorken limit: & — xg recovers the massless (my2=0) kinematics
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Factorization theorem with my= 0

b
+# Expand around EH — rpt nH k2 =0 e 2]; = é

W a) = 3 [ 1 (@) oy (@.Q%) + O(A%/QP
f

H_4q v |
| ¢ i
k | p .
/ ;o

perturbative: doesn't know dynamical TMC

about the target's mass only from nucleon w.f.

¥ Helicity structure functions F; , F, projected out of WH": e.g.,

mBaQQ Z/_th CIS’f,Q )Spf/N(maQZ)_FO(Az/QQ)

\_/ Te/x

no kinematic prefactors [Aivazis, Olness, Tung 1994]

accardi@jlab.org ECT*, 26 May 2009
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Kinematic constraints
¥ General handbag diagram — on shell gluons and light quarks (k% = 0 ):

p?>0 == Gadi o e €

p%/zzm?v = [Efgazg G mgf/xg]

<" net baryon number

«# If net baryon number appears in the upper blob (not for pQCD quarks)
B 1

<& <
e s % . el o2
accardi@jlab.org ECT*, 26 May 2009 16




No unphysical region!

+ TMC in collinear factorization:
dx &
FT(xBa Q2) = Zf .CI? th(E) Q2) Spf(xa Q2)

[ FT(ZBB,QZ) =0 atdrn s> 1]

+# Bjorken limit m,2/Q? — 0 recovers “massless” structure functions (m,=0)

Pr(ea,@®) — PP, @) =5, [ Thr(%2.0%) ¢ Q¥

I B

¥ Different from the “naive” collinear factorization TMC L21Vazis etal 94
Kretzer,Reno '02]

F%U(wB,Q2)EFq(vO>(§>Q2):Zf £ ?th(§ QQ) Spf/N(CI%Q2)

C—U— y
which does not vanish at xg > 1

accardi@jlab.org ECT*, 26 May 2009 17



Target mass corrections = F at NLO
Accardi, Qiu, JHEP 0807

2 | | | | | | | : 1 2 I‘ | [ ) | | P P | B e | R | PP [
R 02 4 y R s AT
Eas BER/EPAE L R Fh st FE°/FY) -
g S F'nv F(O) ! : = v ~

1 50 £/ AT i = -
ok ZG\Z IR S : :

1 ‘ : v "‘ = 1 _j;ﬁ\_muw__—-

! | x;=04 1
3 Q2 =25GeV2 - : :
- MRST2002 . - MRST2002 -

0.5 | | | | I | | | | 0.5 B | | P LY ]| | P b | |  Pe] O [Pl | | e B
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Target mass corrections =6y /ot at NLO

Accardi, Qiu, JHEP 0807
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Polarized DIS

Accardi, Melnitchouk, PLB 670 (08) 114

+# TMC for virtual photon asymmetries (leading twist):

—
nen) = 1 3 [ 55 2 60(5,0%) Aps(a,02)
oS A~

/

oo 2 :
Aq (ac B) = o polarized PDF
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Polarized DIS at LO

1.4

1.2

1

0.8

0.8

Q%=1 Gevt

B 1 [ I
F Sy
- Q®=10 Gev?
- - - - OPE
: ——— CF
i 1 L 1 1 I 1 1 1 L
0 0.5
Xp
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Accardi, Melnitchouk, PLB 670 (08) 114

=# ¢1 similar to F2
=i A1 has smaller corrections

=i The approximation

A

A =l Zyile e

= ) LA
which is equivalent to

Al ~ Ago)

is NOT suitable for
precision measurements at
Jlab: needs both A|| and A |

21



Polarized DIS at LO

Accardi, Melnitchouk, PLB 670 (08) 114

_I | | | | | | I 1 | | | | I--I | | || | | I | | | | | | I--I 1 | | | | I | | | | | | I_
15 F CcLAS1=Q2 T cCLas3=Q2 T CLAS5=Q2 ]
SN e e i
S~ : T T <
< i 1 1 1 1 I 1 1 1 1 T 1 1 1 1 I 1 1 1 1 --I 1 1 1 I 1 1 1 I-
\‘-. B | | | | | | | | I | | | | | | | | =l | | | | | | | | I | | | | | | | | EN 1 | | | | I | | | | | | I-
<t 15[ Hall A T E143/HERMES T  E155 =
1 :—mmm—:w """ —:M """ —:
0.5 :I [ [ 1 I 1 1 1 I::I [ 1 1 I 1 1 1 I::I [ [ [ | I 1 [ [ I:II
0 0.5 1 0.5 1 0.5 1

Xp

= Precision measurements of A, at JLAB requires both A| and A
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Unpolarized SIDIS at LO

Accardi, Hobbs, Melnitchouk, in progress

do 5 5
TMC also for ol oY €q¥Pq (f)Dq (Ch)
Httiron fitormeniition o - q hadron mass

8 el correction

1 & £B2B m%\,m%

B s
Ch ZthB +\/ z}% Q4

_TTTTTTTTTTT | _
IEERR SRR RRA = -

09} <x> — 0.08 “‘ i " 1 n aexploexp (az> =0.32 |
(02 = 2. 2 T o6l | TMC ex 2y — 9.3 QeV?2
@h=2seevs ) L 1es e TS
0'%.2 0.3 04 0.5 0.6 0.7 0.8 03 0.4 05 0.6 0.7 0.8 0.9 1
) Zh

=§ Large corrections at Jefferson Lab! (because of large-x, mostly)
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Jel rnass correciions

Accardi, Qiu, JHEP '08



Jet srearing at LO

» At leading order for Fr, m? =0 FT TMC
q
5 ON 5 L,/ : { m =0
Fr(ws, @) = 55 s¢0s(6,Q%) = FO(E,QY) atzp <1 s e
0L2@5 e . D

» Ansatz: jet with a non zero mass, smoohtly distributed in m?

2
m=
— So-e(1+ 2]
ass dis nction”
§s e m?
Fr(zp, Q%) = /dm? Jm(m?)/ dx 5635[33 —£(1+ Q—;)} o, Q?)
0 3
note l'_ e 1;ZB ; m2
i = | T P (601 + ), @)

accardi@jlab.org ECT*, 26 May 2009 2



Jet srearing at LO

2 /,1;;3 o 2 2\ 72(0) : 2
Fr(zg,Q ):/ dmj Jm(mj)FT (5(1+ Q_;)vQ )
0
Fr N tvc +mc
>
XB

» Rigorously — after some toil:
< Jn(m;?) is the spectral function of a vacuum quark propagator,
smeared by soft momentum exchanges with the target jet
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a

stirmaie of Jet Mass Correciions

log—normal distribution

y

[11

e I )
e =

12 B 1 1 1 I 1 1 1 I 1 1 1 A

» Toy jet function : o (=02 GeV®
: : g = g=0.2 GeV® ]

< log-normal distribution =~ — LI — (mp-02Gev
E =0.4 GeV® |

- <m12> = 0.2 - 0.4 GeV2 % oy B G N S {mfg=0.4 G:\;z e
5 0=0.4 GeV®

= o =12 <m]2> El & ---- (m?)=0.4 GeVz -
- 6 - 0=0.8 GeVz

E 4 H. g

o B =

¥l i 3

-
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Estirmate of Jet Mass Correciions

log—normal distribution

+ Toy jet function ~
< log-normal distribution f,:
4 <mg> = 0.2 - 0.4 GeV? =
w 0 =12 <mZ2> £

JMC+TMC / F"TMC
I /F7
=
o

......

e e " e e i e
-.-.-.-.-.._.___
R
-
-
-
-

Q=2 GeV?

Al s R
Lol e mf=rn§ Y
- —— (m?)=0.2-0.4 GeVi™._
0 1 1 1 1 | 1 ‘I‘.“"“'-.l
0 0.5 1
B X
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X
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Global PDF fits

Work in progress with:
E.Christy, C.Keppel, W.Melnitchouk, P.Monaghan, J.Morfin, J.Owens



Factorization of hard scattering processes
y

/ + perturbative QCD factorization
- /f of short and long distance physics
o Bt dohadron = Z Pof B 652,55(;” R O,
fl 7f2 77:7.7 //‘
4t : pQCD

Parton Distribdtion Fns
(from inclusive DIS)

«# Universality: PDF from DIS describe also
DY, p+p— jets+X, ...

cross section

=
//‘ ; \
=
<
/ AS

¢f2
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Global PDF fits

# Problem: we need a set of PDFs in order to calculate a particular
hard-scattering process

+ Solution:

= generate PDFs using a parametrized functional form at a given initial
scale Q, and evolving it at any Q.

= Choose a data set for a choice of different hard scattering processes
= Repeatedly vary the parameters and evolve the PDFs again

= (Obtain an optimal fit to a set of data.

+ Examples: CTEQ6.1, MRST2002 for unpolarized protons
DSSV, LSS for polarized protons

# For details, see J. Owens' lectures at the 2007 CTEQ summer school

accardi@jlab.org ECT*, 26 May 2009 31



Collaboration and goals

¥ JLab / CTEQ collaboration: ctegX

=i A. Accardi, E. Christy, C. Keppel, W. Melnitchouk,
P. Monaghan, J. Morfin, J. Owens

# Initial Goals:

=i Extend PDF global fits to larger values of xg and lower values of Q

=i Wealth of data from older SLAC experiments and newer Jlab, DY

=i see if PDF errors can be reduced using new JLAB data

accardi@jlab.org ECT*, 26 May 2009
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Global fit details

+ We are using Jeff Owens' NLO DGLAP fitting package

=i use CTEQ6.1 parametrization of PDFs at Q,=1.3 GeV

=i Can fit DIS, Drell-Yan, W asymmetry, jets, y+jet
=i statistical and systematic errors added in quadrature

= PDF errors computed by the Hessian method, Ax?=1

+ New in this work:
=i v+jet
=i Multiple TMC and HT terms added
=i Higher-twist contributions by a multiplicative factor

=8 Nuclear corrections for deuteron targets added

=i option for finite d/u at x — 1 is being considered

accardi@jlab.org ECT*, 26 May 2009
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Higher-Twists parametrization

+ Parametrize the higher-twist contributions by a multiplicative factor:

Fy(data) = Fs(TMC) x (1 % C(«%B))

with

C(zg)=ax’(1+czx)

+ Comments
=i parametrization is sufficiently flexible to give good fits to data

=i c parameter allows negative HT at small xp

accardi@jlab.org ECT*, 26 May 2009
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Deuterium corrections

[Kahn et al., arXiv:0809.4308 2 P

B

TB _ PN -4
Y PD g

= nucleon Fermi motion and binding energy
=# use non-relativistic deuteron wave-function

=8 finite-Q2 corrections (very important!)

F2A(CUB):/ dySa(y,y,z5)Fy M9 (z

1.3

1.2

F2(D)/F2(n+p)

—t

09 L

ECT*, 26 May 2009

*

¥ Nuclear Smearing Model accardi et al in preparation]

D

B/ya QQ)

—— NSM Q2= 2 GeVe
| —— NSM Q2= 5 GeV®
= NSM Q=10 GeV?
[ (using CTEQ6.1 PDF)




ctegX vs. CTEQ

¥ CTEQ
Q> >4 GeV? W?>12.25 GeV? Green: BCDMS Black: NMC
Blue: SLAC Red: JLab
=i not so large x, not so low Q< 102 ue o

=% hope 1/Q< corrections not large

+ ctegX
= TMC, HT, deuteron corrections
=i Progressively lower the cuts:

-‘-"'."‘ - ; .t - "’.'.' )
iy X = ..
"-.‘*.‘a\\ e
.'-.-._ )
XY
I I I o

Q2 W2 E_
[GeV?]  [GeV?] CTBQ > [
CTEQ = cut( 4 12.25 cutl—> [ .
cutl 3 8 e omcewe )
cut?2 2 4 - 1 b S T LR R N N B B
cut3 1.69 3 0.1 1
=i Better large-x, low-QZ coverage -
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Reference fit vs. CTEQS6.1

# Reference fit: cutO, no corrections

e T T T [ T T T 7 data CTEQGl
e U,/ Ucrgas. 1 | E DIS (JLab) NO
- : - SLAC vV
1 E s - NMC %
- e . BCDMS v
0.5 - H1 \V/
5 S ZEUS v
- Id I,r"cll S ] DY E605 v
1.5 e CTEQS6.1 - ES66 NO
= 73 W CDF 98 (¢) Va
= . Wi CDF °05 (¢) NO
05 E 3 DO 08 (¢) NO
“ L Q=10 GeV? . DO ’08 (e) NO
S Y T S S S S S CDF ’09 (W) NO
0 0.5 1 jet CDF .
= DO Ve
v+jet DO NO
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1.5

0.5

d-quark suppression

;,,..-,-—*-‘“:ﬁ:a-& ..................... et S a
i ut00 \\ 1 free |
| _—— = = cutﬂ:}l \ [1=]11 =
— — — cut02 \\\ T —— nsm+mst Y __

cut03 - \ -
- T Q=10 GeV? 1
- Ad/d , ¥ ad/d ,
; 4 /—:
- L ! "1";-:1 | i !_*.-.-q-"rf --'l" | =
0 0.5 1 0.5 1

b4 X

+ Suppression of d-quark
=8 u-quark almost doesn't change (not shown)

+ Relatively stable against kinematic cuts

+ Deuterium corrections have large effect on d-quark
=§ sensitivity to off-shell corrections
=8 use WA21 data on v(vbar)-p to cross-check d without Deuterium?

ECT*, 26 May 2009
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TMC vs HT

+ Extracted higher-twist term depends on the type of TMC used
=% Q2 > 1.69 GeV2 and W2 > 3 GeV2 (referred to as “cut03”)
=i lower cuts = xg < 0.85 compared to xg < 0.7 in CTEQ/MRST

=i No evidence for negative HT

accardi@jlab.org ECT*, 26 May 2009
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Preliminary results = TMC vs HT

]_5 I | [ |

0.9

+ Extracted twist-2 PDF much less sensitive to choice of TMC
=# fitted HT function compensates the TMC
=i except when no TMC is included
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Preliminary results - D/p ratios

1IIII|IIII|IIII|IIIIIIII

—C— Q=6 GeV®
—x— Q=12 GeV?
—8— Q?%=20 GeV?

0.9

0.8

0.5 Fy(D)/Fylp)

0.7

Data from Arrington et al. '09
06IIII|IIII|IIII|IIII|IIII

"04 05 06 07 08 09

Xp

Solid: nuclear smearing
Dotted: isospin averaged

# Nuclear smearing essential for D/p ratio at xg>0.6

=i [t is essential to go beyond Bjorken limit: finite-QZ corrections

=i off-shell corrections don't sensibly change the result

accardi@jlab.org ECT*, 26 May 2009
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Preliminary results - PDF errors

+ PDF errors at large x are reduced by lowering the cuts

Q2 W2
(GeV?]  [GeV?]
cut00 4 12.25
cutO1 3 8
cut02 2 4
cut03 1.69 3
E : | | | 1 I 1 1 1 1 :: 1 1 1 ] I ] I:_.-' | :
15 E_ Au /u (x10) F _E_ Ad /d (x10) ,,;,,;";/ _E
- AF -
1 :H‘-—-— """""" -_"_ """""""" T g
- tf:\] I - - cuto S .
— L eutl ™ . _
0.5 - Q=10 GeV? o - eut2 u
: | | | ] I | | | | :: ] ] Eu:-a | I | Ill"". | l :
0.5 1 0.5 1
X X

=i Note: errors multiplied by 10 for rough comparison to CTEQ6 errors
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>

+

Summary of cteqX fits

New global PDF fits are underway,
=8 with expanded kinematic range and data set

Suppressed d/u ratio at large x compared to CTEQ6.1
=i TMC, HT essential for good fits, stability of PDF
=i Large effect of deuterium corrections, also for standard CTEQ cuts

=i need v(vbar)-p data to further constrain d-quark

PDF errors reduced
=8 by expanded large-x data set
= SLAC+JLab + recent DY

Tension with DY data sets

=i E-866 lepton pair data, and D@ W—leptons asymmetry data prefer
an enhanced d/u ratio at large x

=i But... directly measured W asymmetry likes d suppression
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Higher-twist terms
also are interesting

Accardi, Bacchetta, Melnitchouk, Schlegel:
arXiv:0905.3118, full paper in preparation




The g2 structure function

# DIS cross section determined by the hadronic tensor
H 1

1

— — [ dizem (R S| (2)%(0)|P, 5)

uw) ( s Q) F(zp, Q%)
q2

1 S -
+ ——ehP7q, [Sagl(ZEB, Q%) + (S(, — 2 e (32(25, Q%)
P-q £~
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The g2 structure function
¥ g9 is a special structure function:

<= it is the only one with twist-3 contributions
that can be measured in inclusive DIS

<% in the OPE analysis, its twist-3 term can be isolated:

“Wandzura-Wilczek “pure twist-3 term”
relation” (quark-gluon correlations)

P PR,

S TP K

ggVW(:z;) = —gi(z) + / = 01(y) moments z.lre matrix elements
z Y of twist-3 operators
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The Wandzura-Wilczek relation

+# Lorentz Invariance Relations (LIR) and Equations Of Motion (EOM) imply

~ A m
92(z) = g5 " () + 0(2) + 0(x) + —=0m(2)
Y negligible
for light quarks
where

) =53 [ 2L )

o(z) = 5263/ @g%(y) spuretwisté
=iy

(quark-glue correlations)

+# The WW relation is broken by 2 “pure twist-3” terms
=i can in principle be large and canceling: need to measure separately
=& it is a first principles, model independent decomposition
(Lorentz invariance, Dirac equations of motion)
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Experimental ww breaking

D.l T T T TTT T T T T T TTT a T T T T T TTT T T T T TTT
:+ g | —&— SLAC-E143 | :—w—-— g l—-— SLAC-E155x |
— L —8— HAC-RE1S5E — L —o— JLAB-E-892—-117 |
[} - — [mh - —&— JIAR-E-01-012-
oF 0.05 - &P 005 —
m - ] m B . T
P i Z P B * i
B R 1 T - ]
2 oL -1 R S 7
b . 1 ™ . i
_ELD5 __ | | 1 | 111 | | | | L1 1 II__ _E"G5 __ | | 1 11 111 | | | | L1 1 II__
E___I_ _Igglw{;-wl_;}lll T LI ||||E E___I_ _Igg'lw{;_wl”ll T 1 |||||E
0 C ] C ]
laasss B s
: | | 1 11 111 | | | | 11 11 I: : | "T'. 1 11 111 | | | | 11 11 I:
0.01 0.1 1 0.01 0.1 1
X8 Accardi et al, arXiv:0905.3118  ¥s
proton y2/d.of. Tiot Now Thi
(D Ap =0 1.22
D An =o(l—x)P((B+2x—1)
a =0.13+0.05
B =44+1.0 1.05 < 15-32% 18-36% 14-31% >
neutron 15-40%
O An =0 1.66 not small, contrary
I An =o(l—x)P((B+2)x—1)

o =0.64+0.92
B =24+10

to standard claims!
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How interesting are gt and gr?

+# Transverse momentum dependent (TMD) quark distributions
long. polarized quarks
g1 (2, kT { SR { ™ inalong. polarized nucleon
o long. polarized quarks
ir(x k2 I B R : : :
Gl g ‘ “ in a transv. polarized nucleon

a ST RN 2 a 2
gr(z, k1) = 91 (2, k1) + 93 (2, k7)) no parton model interpretation

# Collinear PDFs, are defined by transverse momentum integration

91(1T)(37) T /d2kT91(1T)(377ET)

SCaE, e e oy
R 2M
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How interesting are gt and gr?

@268 e
Lorentz Invariance: g7 (5’7) =9 ( ) o o glé})(a;) e gT(fE)

a ~Qa m a
Egs. of motion: g7 (2) = zg#(z) — 2§ (x) — 77 hi ()

~

WW relation:  g¢2(z) = g% W (z) + 6(z) + 0(x)

# g1, gr access different “projections” of D(x,x') — important for
<& QCD evolution of g9

=i computation of high-kt spin asymmetries / tails of TMDs

# 3 independent measurements (gt g1, g17(1) for 2 independent relations:

== test of TMD factorization
<« connection to collinear factorization

1 TMD k2, e E e -
oiR@) TP [ e L gur(a k) E [ TP, SIB O 0 ()| P, S)
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% A
How can we measure gt and gr?
¥ Need to measure g;7(1): double L-T spin asymmetry in SIDIS

() +N(P) = o) +h(Pr)+X, 53

s _P.g i
ERD Yy 5 TR X
QMI?B P.Ph
e Zh = :

Q

Long. pol. beam

dopT Y b y CDSQSS FE%S(‘I{IE’ (mB:zh:P.’fJ_:QZ)
+ y(1 — y/2) cos(¢n — ¢s) FEL;(¢h_¢H)(5BB: 2n P 0%)
+yv/1—y CGS(2¢5FL ¢S ) cus{z¢h_¢s}($ﬁz Zh PF?J_: QE)

PL Lr_:r:-: - ; _
L;ﬂi} N ]( B!‘zh!P}?_L? Q2) ™ ZEE B gigq(fﬁg) D?(gh)

accardi@jlab.org ECT*, 26 May 2009

" . {;’ -.)JIK -w’ '} r
=3
F Trans. pol. target &, *

51



Summary

% Hadrons at large x / low Q? including:
<% TMC - in coll.fact. free from threshold problem
< JMC — new! at LO only, so far
<% HT, nuclear corrections

% New PDFs at large x
< HT+TMC:
Y stable twist-2
¥ economical higher-twist parametrization
-+ nuclear smearing — essential for deuterium at xg > 0.5

-+ Extended data set — reduced PDF errors

% Twist-3 quark-gluon correlations in polarized DIS
< test of TMD factorization
< TMD / connection
<+ evolution of g9

accardi@jlab.org ECT*, 26 May 2009
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Outlook

1) Unpolarized hadrons

% Nuclear smearing & nuclear PDF cteqX fits (o = f1)
[w/ Qiu, Vary]

% Fp : gluons, small and large x
# JMC: phenomemology, NLO
% quark-hadron duality  [W/ Qiu]

# large-x resummation
[w/ Jlab group] % ... for the future ...

% TMC for DY, p+p at large xp /

[w/ Schlegel, Metz 7]

% nuclear PDFs [w/ SMU group ?7]
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Outlook

2) Polarized hadrons
% TMC for TMDs Polarized ctegX? (Ay = g1)
< SIDIS @ NLO 1n coll.fact.
= for TMDs [w/ Prokhudin, Melis 7] # TMC+HT+nuclear corrections

[w/ Vogelsang, Strattman, Sassot ?]

% polarized IMC  [W/ Bacchetta, Schiegel] % ... for the future ...
< new observables ? :
< transversity in inclusive DIS ?? .

=
B

4 .
#* Twist-3, g, evolution & C. Transversity fits ?? (5p = /1)
[w/ Bacchetta, Schlegel 7] [W/ Torino group ‘7‘7]
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Outlook

3) Preparing for the future

Electron Ion Collider

\\A Hadronization in cold nuclear matter
= (study group coordinator)

A ; :
~__ —» Spin physics lr

G

£
b .

PAX, PANDA (?) @ FAIR
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Lorentz Invariance Relation

+ Lorentz invariance relates g;(x), g17(¢) and gr(x):

d a(l v
g#(2) = g1(2) + — 917 (@) + §%(x)
\
pure twist-3
where - n (quark-glue correlations)

. FENG s D)

aplz)=1 dx :

=T

Bukhvostov,Kuraev,Lipatov '83
Belitsky, hep-ph/9703432

and in light-cone gauge

dt=idn e i = .
S SiD(@, o) = ~% [ 5L Sk HNP S+ Ar (075 (E)IP. 5)

2 D 20
M N § .
pr5rD2(e @) = — / 2€7r 22 e M= E(P, S1(€)y Ty Ar(0) 159 ()| P, S)
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Equations Of Motion relation

# The Dirac equation of motion 0% —my =0 implies

a(l a A m . a
gir (2) = zgt (@) — 2gt(@) — 7 hi ()
A Y| negligible
for light quarks
pure twist-3
where in light-cone gauge, (quark-glue correlations)

s [
(@) = = [ do'Dia,)

— &5 [ 5 (RSB 07 (420 - Ar©) 3 ¥ OIP.S)

# Note: g, gr are different projection of the D(x,x") quark-gluon correlator
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Jet funciion = oulloolik

» We need to develop a “phenomenology” of the jet function:
-+ from Dyson-Schwinger equations?
« from efe” — jets?
- from Monte Carlo simulations?

_d-‘ LI )

» Can we compare the fitted J_=J, to lattice QCD computations ??

/Oo;m? Jg(m?) 2mo(1% — m?) 0(1°) = 4%_ /d4zeiz'lT1‘ [7—<0|E(z)¢(0)|0>}

-+ Landau gauge vs. light-cone gauge
- Euclidean vs. Minkowski space

» Should we ultimately regard it only as a phenomenological tool?
- fit it to DIS data, in the spirit of “global QCD fits”

» Need extension to NLO, polarized DIS
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